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INTRODUCTION 
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This  report  consists  of  two  parts*  The  first 
covers  experimental  determinations  of  rocket  tra¬ 
jectories  and  the  second,  calculations  of  the  tra** 
jectories  based  on  Independently  determined  values 
of  thrust  and  dreg*  The  observed  and  calculated 
trajectories  agree  within  the  limits  of  the  in- 
herent  dispersion  of  the  rockets  and  the  expected 
errors  in  measurement  of  thrust  and  drag* 

Portions  of  rocket  trajectories  have  previous* 
ly  been  measured  photographically,  but  this  report 
\Zdescribes  for  the  first,  tlmp.  aa  far  as  is  known, 
"^photographic  measurement^or^cmTcomplete  trajectories 
^bf  rockets*  This  was  accomplished  by  means  of  fdsrero 
Mitchell  high-speed  motion  picture  chronographs  with 
lenses  of  si*,  inehee-  focal  length*  The  method  of 
rectifying  the  data  so  obtained  Is  described* 

Rocket  trajectories  were  calculated  also  on  the 
basis  of  experimentally  determined  thrust  curves  for 
the  rocket  motors  and  experimentally  determined  values 
for  the  ballistic  coefficients  of  the  rockets*  fra* 
jectories  were  computed  by  numbrical  integration  using 
as  variables  0,  the  angle  between  the  horizontal  and 
the  tangent  to  the  trajectory*  and  v-v, ,  the  velocity 
differential  due  to  air  resistance  and  gravity* 

The  agreement  of  the  calculations  with  the  ob¬ 
servations  Indicates  the  validity  of  the  method  of 
calculating  trajectories*  Prom  these  trajectories, 
aiming  data  can  be  obtained* 


The  differential  corrections  for  variations  in 
Initial  conditions  were  calculated  and  their  rela¬ 
tive  importance  appraised*  An  analysis  of  the  dis¬ 
persion  of  the  rockets  and  the  results  of  an  in¬ 
vestigation  of  the  causes  of  errors  are  given* 

The  rockets  were  British  UP3  (shown  in  NPG  Photo 
No*  22478)*  The  motor,  No*  1,  Ilk  11,  has  an  11  lb* 
cruciform  powder  grain.  (The  entire  motor  weighs 
35  lb.)  Tne  25  lb*  AP  and  the  60  lb*  HE  heads  were 
used*  The  rockets  were  fired  either  one  at  a  time 
or  in  pairs  from  under  opposite  wings  of  the  air¬ 
plane*  An  underslung  wing  installation  of  a  British 
Mark  I  projector  (7*5  ft*  rails)  was  used  on  an 
SB2A  plane  (NPG  Photo  Nos.  22476  and  22477). 


NPC  PHOTO.  NO.  24622 


Figure  1.1 


Part  I 


PHOTOaRAPHIC  DETERMINATION  qF  ROCjKET  TRAJECTORIES 


The'  trajectory  of  the  rocket  was  photographed 
by  five  35  mm  Mitchell  Cameras  equipped  with  six* 

Inch  focal  length  lenses  and  located  as  shown  in 
Figure  1*1.  The  four  cameras  at  Station  A  covered 
a  range  of  about  3,000  ft*  -with  small  angles  of 
separation  between  the  camera  fields*  These  cameras 
were  run  at  128  frames  per  second*  The  single  camera 
at  Station  B  furnished  angular  data  which  were  com¬ 
bined  with  the  data  from  Station  A  to  triangulate 
various  points  on  the  trajectory*  Two  markers  were 
placed  In  the  field  of  each  camera  at  Station  A 
in  order  to  calibrate  the  lenses  and  relate  the 
fields  of  the  various  cameras*  The  markers  were  in 
the  form  of  one-foot-square  targets  placed  on  poles 
in  the  river  along  the  proposed  path  of  the  rocket* 
These  markers,  which  were  all  at  the  same  height  a- 
bove  the  water,  formed  a  horizontal  reference  plane. 

As  all  rockets  were  released  from  an  altitude  of  250 
feet  or  less,  the  height  of  the  field  of  the  six- 
inch  lense  was  in  all  cases  large  enough  to  photograph 
simultaneously  the  point  of  rocket  release  and  the 
markers* 

Each  camera  recorded  in  the  lower  right  corner 
of  the  picture  frame  a  solenoid  indicator  and  a 
chronometer  driven  from  a  tuning-fork-controlled  58) 
cycle  generator*  The  chronometer  provided  timing 
for  its  particular  camera  and  the  solenoid  indicators, 
controlled  by  a  single  key.  provided  a  common  time 
between  cameras.  An  oscillograph  was  used  to  records 

( '  The  current  in  the  solenoid  indicators* 

(2)  A  radio  signal  (received  from  the  firing  air¬ 
craft)  which  was  cut  off  at  the  instant  of 

-  firing. 

(3)  A  50  cycle  signal  as  a  time  reference* 

(4)  One  second  interval  signals  from  the  chro¬ 
nometers* 


O  Q 


N  PC  PHOTO.  NO.  24777 


X  axis 


and  5  Markers 

Position  of  airplane 
Position  of  roaket 


Figure  1.3 


AC  Is  perpendiouler  to  OS  and  of  length  d 
T  position  of  rocket  at  anj  time 


Figure  1.4 


A  sample  of  the  oscillograph  record  is  shown  in 
Figure  1*2.  The  timing  system  permitted  events  in 
each  camera  field  to  be  referred  to  the  instant  of 
firing  as  a  common  time  origin* 

The  angle  of  elevation  of  the  launching  rails 
at  the  instant  of  firing  was  determined  by  a  torpedo- 
point-of-aim  camera  mounted  under  the  wing  of  the 
plane.  This  camera  took  a  picture  when  the  firing 
circuit  was  closed.  The  camera  on  the  plane  was 
aligned  with  the  rails  bv  aiming  both  camera  and  rails 
at  a  distant  point  ( 4.500' ft.  away).  This  point  was 
determined  by  the  machine  gun  sight  which  was  aligned 
with  the  thrust  line  of  the  plane  (a  line  parallel 
to  the  propeller  shaft).  The  fact  that  the  rails  and 
the  camera  were  located  several  feet  below  the  machine 
gun  sight  resulted  in  their  being  tilted  up  2.5 
minutes  above  the  thrust  line. 

The  point  of  release  was  in  the  center  of  the 
field  of  the  first  camera  at  Station  A.  This  allowed 
the  plane  to  be  photographed  for  about  one  second  be¬ 
fore  the  rocket  was  fired. 


# 

deduction  Data 

The  measurements  of  the  Mitchell  Camera  film 
were  made  by  means  of  a  20  power  single  frame  pro¬ 
jector.  Every  fourth  or  fifth  frame  was  projected 
and  the  positions  of  the  rocket  and  airplane,  with 
respect  to  the  markers,  were  plotted.  The  clock  was- 
read  for  each  frame  thus  measured.  A  set  of  rec¬ 
tangular  coordinates  was  erected  on  the  screen  (Figure 
1.3) |  the  origin  being  at  one  of  the  markers  and' the 
x-axis  being  horizontal.  The  x  and  y  coordinates  of 
each  recorded  position  of  the  airplane  and  rocket 
were  measured  in  arbitrary  units.  The  x  and  y  co¬ 
ordinates  were  converted  to  angles.  This  was  done 
by  calibrating  the  field  of  the  camera)  e.g.,  so 
many  units  of  distance  were  equivalent  to  one  degree 
of  angle.  This  was  accomplished  by  erecting  a  sur- 


veyor*s  transit  at  the  position  of  the  egnera  and 
measuring  the  angle  between  the  two  markers  which  ap¬ 
peared  in  the  camera  reeord.  The  markers  were  pro¬ 
jected  on  the  screen  along  with  the  plane  and  rocket. 

The  distance  between  the  markers  was  measured.  This 
distance*  with  the  angle  between  the  markers ,  determines 
the  factor  for  converting  distances  to  angles.  This 
factor  was  taken  as  a  constant  over  the  entire  field 
of  the  six  inch  lens,  an  assumption  which  leads  to 
a  final  maximum  error  of  about  one  foot  in  the  position 
of  the  plane  or  rocket. 

The  angles  measured  in  all  the  cameras  were  con¬ 
verted  to  angles  with  respect  to  one  centrally  located 
marker.  The  relative  positions  of  the  centrally 
located  marker,  station  A.  and  station  1  were  ac¬ 
curately  determined  by  triangulation.  These  three 
points  were  laid  off  on  a  plotting  table  to  the  scale 
of  400  feet  to  the  inch.  The  start  of  the  trajectory 
and  the  impact  of  the  rocket  were  plotted  using  the 
horizontal  angles  as  measured  from  the  camera  records 
from  stations  A  and  B.  A  perpendicular,  AC. 

{Figure  1.4),  was  drawn  frdm  the  position  of  the  camera 
station  A  to  the  horizontal  projection  of  the  tra¬ 
jectory.  All  horizontal  angles  were  converted  to 
angles  with  respect  to  line  AC  by  an  addition  or  sub¬ 
traction  and  were  denoted  by  w«  Vertical  angles 
were  denoted  by  0*  The  distanoe  AC  was  denoted  by  d 
and  measured  on  the  plotting  table  (in  feet).  X  and 
Y  coordinates  of  the  rocket  are  computed  by  the  following 
aquations  s 


X  ■  d  tan  4 
Y  *  d  tan  9  sec 

X  coordinates  were  changed  to  coordinates  with  re¬ 
spect  to  an  origin  directly  beneath  the  point  of 
firing  of  the  rocket.  The  times  of  the  clock,  as 
read  from  the  camera  records,  were  converted  to  tines 
measured  from  the  Instant  of  firing! 


5 


Two  graphs  were  made:  X  against  Y  and  X  against 
t.  From  the  X  vs*  t  ‘graph,  values  of  X  for  each  one- 
tenth  of  a  second  wei^e  taken*  Values  of  Y  corresponding 
to  these  values  of  X  were  taken  from  the  X  vs*  Y  graph. 
This  gave  a  table  of  X  and  Y  for  equal  time  intervals 
from  which  were  calculated  velocities  and  accelerations. 

The  X  and  Y  coordinates  of  the  airplane  were  de¬ 
termined  in  the  same  way.  These  coordinates  gave 
the  ground  speed  of  the  plane  and  the  angle  of  dive* 

The  record  from  the  torpedo  camera  on  the  plane 
gave  the  stun  of  the  angle  of  dive  and  the  attitude 
of  the  plane.  Pictures  previously  taken  on  the  ground 
with  this  camera  determined  the  point  of  aim  with  re¬ 
spect  to  fiducial  marks  on  the  edge  of  the  film*  This 
camera  was  calibrated  in  the  same  manner  as  the  Mitchell 
Cameras*  The  distance  between  the  horizon  (corrected 
for  curvature  of  the  earth)  and  the  point  of  aim  was 
converted  to  an  angle,  which  is  the  sum  of  the  dive 
angle,  the  attitude,  and  the  inclination  of  the  camera 
ahove  the  thrust  line.  As  the  dive  angle  was  de¬ 
termined  with  the  Mitchell  Cameras,  the  attitude  angle 
can  be  determined.  In  cases  where  the  horizon  was  net 
distinct,  the  target  was  used  as  a  reference  point 
and  its  angle  below  a  horizontal  plane  through  the 
torpedo  camera  was  calculated  from  the  Mitchell  Camera 
records* 

Reduction  Trajectories  t$  Standard  Conditions 

The  trajectories  were  reduced  to:  (1)  horizontal 
launching.  (2)  ground  speed  of  200  kts.,  and  (3)  no 
range  wina.  The  angle  of  launching  was  composed  of 
three  parts:  the  angle  of  climb  or  dive,  the  attitude 
of  the  plane,  and  the  Inclination  of  the  rails.  The 
last  two  angles  were  added*  The  effective  fraction 
of  this  combined  angle  was  determined  by  adding  vector!- 
ally  the  launching  velocity  and  the  velocity  of  the 
plane.  The  resultant  angle  was  used,  the  assumption 


**r~I  ‘t 


ICr  <1 


MgaaaBa8835aSBS88B8BWM 

I.. _ In  a  m 

■■UKnBHBflH 

BKOsiKi‘;aaii!i?^i!:i:iiiaa;:aaBi 

... . .  ■MiRiiir^faiiMi 

MmaanmiiBaB  wiiii:#  wanni 

mm  mv.mmi  s«i  I 

mmmmmmmMmmmuMw^mmmmmmmmmmmmmt 

mmmmmmmmmmmwmmmmmmmmmmmmwmmm^KKM 


BaaaasaaaaaiiaaaiiM 
bSpsaaaaiaBrBaacxiH 

■■flNrilllllllllHHiKilkilllNMMIliEI 

mmmHmnmuQEmwvml 

■■  ■!  igi  ■ill  ii mm 

wmmmmm 


iMMrfftlMMiMI 

mmmmmmmmmmmi 

HSBSIH 


mmxmum 

wmmmiw 


i 


133  J  m  40  WQ  1V0U.«3A  ~IV10i 


1000  1500  2000 

RANGE  IN  FEET 


I^NSISISiSlilSISISlSlI 


Nil 


'■wRMMM 


L^tfKSSHnSRMmSSSSSSSSBBSSSSB 

vtmmmwuamammmsmm 

um.MMrnmutmmmmmummmmmmmmmmmmmmmmMie^mm^Mam^ 

niwpMiiiiiiiiiiiiMiiiiiBii«!|gpiigiigii 

■BmSSSSmSSSSSSSSmSSSESBSSiiiliSRliaa 


^UliMKitiflXilHHBHBHBBBHBHBi 

mwmmmmmm&wxmwMmmzmmmi 


mmmmmmmmtemir  *  -mmm  m 

\mmmmmmmmmmmmSSrnam 


iaiiiMMii»Miirifeit»a»«WMHWii 

aa*iass®*@!8@a»«®isg®s:*B*aBisM»fJ4BBSiiBiiiiiiii 

BBBBBBBBBBBBBBBBICBM^aK.apaBBBBBBBIi^MBSSiW 

BBBBBBBBBBBBBBBBlg^BBBBBBBBBBBBBBaBB 

■3SSSSSSSS»S*SS*fl'#>uSBBBBSnBBaaSSESBB 

IlIBBBBBBBBBBIl^^BBBBBBBBgBBBBBBBBBBB 

iBBBBBBBBBMM!BrliS|,M;<!MlflBBBBBBfl~  . 

,  BVWiilBB  ’» 

paaaaaaaBaa«Biii|i:::ft«BBaaaaBaaBl 

jaaaaaaaat.BBM^r^iiiiaBBBBBBBBBBa— — 

li  /iiiiiiiaii  rj  liliiiiiiil 

\fjk  j&Rxiiiii—iiHiiiiiigBiiiig 

■MWWWWBif  y^MMBW|gigMBggigyggiliBBMHj|8B8BB 

mmmmmmw'  .rMmmmmmmmmmm SilHHiMi 

mmmmf ^  jmmmm 

8S8nBr./i8SBSSBBSBBBBBiBum8n”BBBnB8”8IBB 

mmmmw  fifAmmmmmmmmmmmmmm  smcmuBf r  mtm  iig«|in 

mmmmf 

mmw  viiwwBBwwwMWwaiw  wcBiwni  m 

. BHg^gieril 

mmmmmmmmmiiim 


133J  M  rfOWQ  1V3J1M3A  IViOl 


RANGE  IN  EEET 


being  made  that  the  rocket  immediately  aligned  itself 
with  the  relative  air  stream*  This  resultant  angle 
was  added  to  the  angle  of  dive  and  a  simple  rotation 
of  the  trajectory  was  performed.  Due  to  the  small 
angle  of  rotation,  less  than  one  degree  in  all  cases-, 
np  account  was  taken  of  the  change  of  direction  of 
the  force  of  gravity* 

The  ground  speed  was  corrected  to  200  kts*  by 
assuming  no  air  resistance.  The  correction  to  X  to 
be  added  ■  -1.689  (ground  speed  -  200)  *  (corresponding 
time). •  This  was  justified  by  the  smallness  of  the 
corrections. 

The  correction  for  range  wind  was  determined  by 
integrating  a  trajectory. 

The  temperatures  of  the  rockets  when  fired  were 
within  the  limits  of  55°  Ft  F.  Since  the  dif¬ 
ferences  in  temperature  were  small,  no  attemitwas 
made  to  correct  the  trajectories  to  exactly  55°  F, 

An  examination  of  the  data  showed  no  correlation  of 
range  with  these  small  differences  in  temperature. 

The  resultant  trajectories,  10  for  the  60  lb. 
head  and  6  for  the  25  lb.  head,  are  presented  in 
Figures  1.5  and  1.6. 

The  variations  in  temperature,  weight  of  motors, 
and  weight  of  heads  were  so  small  that  the  trajectories 
were  not  corrected  for  them.  As  only  the  vertical 
dispersion  was  studied,  the  trajectories  were  not  cor¬ 
rected  for  cross-winds. 

The  true  mean  dispersion  was  computed  by  multi¬ 
plying  the  mean  deviation  by  yjh/h^  where  n  is  the 
number  of  values  used  to  find  the  mean  deviation. 


Vertical  Dispersion 
True  oean  dispersion 

Level  flight*  no  range  wind*  ground  speed  of  200  kt*. 


Range 

1200  ft. 

1800  ft. 

2400  ft. 

60  lb«  head  (ten 

trajectories) 

±6  ft. 

±11  ft. 

tl5  ft. 

25  lb*  head  (six 

trajeetoriee) 

♦2  ft. 

*  3  ft. 

t  ♦  ft. 
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Part  2 

CALCULATION  OF  ROCKET  TRAJECTORIES 


It  is  clear  that  preparation  of  a  range  table 
for  rockets  would  be  simplified  if  rocket  trajectories 
could  be  computed  somewhat  as  trajectories  for  pro- 
jectiles  are  computed.  Theoretically,  the  problem 
is  straightforward.  One  obtains  a  table  showing  the 
thrust,  q(t) ,  of  the  rocket  motor  as  a  function  of 
tine,  another  table  showing  the  mass,  m(t).  of  the 
rocket  as  a  function  of  tine  and  a  third  giving  the 
acceleration  due  to  air  resistance,  r(v,n;,  .(hereafter 
called  retardation)  of  a  rocket  as  a  function  of  its 
velocity  and  mass.  Then  one  assumes  that  there  is 
no  yaw  and  Integrates  (for  example)  the  equations 


2.1 


in  4|  =  q(t)  -  m  r(v,m)  -mg  sin  0 


d9  9  _  g  cos  9 
~dt  v  ~ 


where  v  is  the  velocity,  9  is  the  angle  between  the 
tangent  to  the  trajectory  and  the  horizontal,  and 
g  is  the  gravitational  acceleration.  Using  a  variety 
of  initial  conditions,  one  obtains  a  range  table. 

This  is  exactly  what  has  been  done  in  this  section. 
The  work  was  regarded  as  an  experiment  in  making 
this  sort  of  computation  rather  than  as  an  attempt 
to  obtain  an  actual  range  table.  It  was  desired  to 
find  out  how  much  must  be  known  about  a  given  type 
of  rocket  in  order  to  predict  its  trajectory  with 
satisfactory  accuracy. 


-9- 


* 
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It  should  be  noted  that  calculations  are  based 
on  the  evidence  of  a  single  thrust  record  which  was 
not  made  under  local  supervision*  Perfect  agree- 
nent  between  these  calculations  and  observations  was 
not  expected  and  was  not  obtained*  The  agreement 
was  good  enough  to  indicate  that  the  method  is  sound 
and  is  worth  using  under  better  controlled  conditions* 
The  effects,  given  later,  of  various  perturbing  con¬ 
ditions  are  believed  to  be  substantially  correct* 

They  provide  a  basis  for  setting  up  tne  conditions 
under  which  information  about  rockets  should  be  ob¬ 
tained  in  the  future. 

Approximate  tables  of  q(t).  n(t)  and  r(v;«m) 
were  compated.  The  table  for  qft'  was  obtained  from 
a  record  of  a  stati  ,  thrust  test  oi  the  rocket*  Prom 
this  net)  is  obtained  by  assuming  that  the  thrust 
is  proportional  to  the  rate  the  mass  is  changing, 
and  by  integrating  the  equation 


2.2 


q(t)  =  k 


The  constant  k  is  evaluated  by  equating  the  total 
area  inside  the  thrust  curve  to  k  times  the  total 
weight  of  powder  burned*  Finally,  it  was  assumed 
that  the  retardation  is  given  by 

2.3  r(v,m)  = 

G  y  m 

where  (v)  is  the  standard  Army  drag  function  and 
C^n  is  the  ballistic  coefficient  of ' the  rocket  when 
its  weight  is  m.  The  assumption  2.3  is  not  justifi¬ 
able  except  as  a  first  approximation.  The  drag 
function  of  a  rocket  is  undoubtedly  different  from 
that  of  a  projectile.  It  seems  unnecessary  to  con¬ 
sider  carefully  the  exact  charaoter  of-  the  drag 
function  in  view  of  ignorance  of  other,  more  im¬ 
portant  factors.  For  example,  the  average  thrusts 
of  two  rocket  motors,  judging  by  the  static  thrust 
tests,  see  Figure  2.1  below,  may  differ  by  220 
poundals,  and  this  under  laboratory  conditions* 
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The  greatest  air  retardation  (based  on  Equation  2.3) 
entering  these  computations  was  about  170  poundals* 
Since  this  latter  is  probably  an  over estimation  of 
the  actual  retardation* ,  it  can  be  seen  that  the  true 
retardation  need  not  be  very  accurately  known. 

The  Equations  2. 1  are  more  easily  handled  in 
the  following  f om,  which  defines  a  Tier  variable  Vi  , 
the  velocity  the  rocket  would  have  in  ."be  absence 
of  air  and  gravity,  n$ (t)  is  given  the  subscript  t 
to  distinguish  it  from  the  case  where  a  different 
head  is  used  on  the  sane  notor  and  the  complete  rocket 
weighs  n2<t)«  In  this  case  the  vacuum  velocity  is 
denoted  by  V2« 


dv^(t) 


q(t) 


2.4 


d(v-vi )  _  v  J6(v)  „  Q 

- - -  g  sin  9 


d©  _  g  cos  8 
dt 


Substituting  q(t)  s  k  |  the  solution  of  the 
first  equation  is 


2.5 


v,(t) 


The  Calculation  o£  Rocket  Trajectories.  February, 
1942  PDE  Boncath.  communicated  by  C.S.P.D.E*  In 
the  sanple  calculations  found  in  this  paper  an  e- 
la borate  resistance  law  is  used.  Although  the  rocket 
considered  in  this  paper  is  somewhat  lighter  than 
the  UP3»  the  retardation  used  is  about  half  that 
used  here  at  corresponding  velocities. 


H 
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The  remaining  two  equations  are  integrated  by 
numerical  integration*  Jt  changes  so  rapidly  during 
the  burning  of  the  propellant  that  a  very  snail  in¬ 
terval  (1/i0  sec*)  must  be  used  if  the  trajectories 
are  to  be  comparable  to  each  other.  The  integration 
is  straightforward.  Listed  below  are  the  various 
quantities  used  in  the  present’  calculations  of  the 
trajectories  of  the  British  UP3  rockets  fitted  with 
25-lb  and  60-lb  heads.  These  trajectories  are  corn¬ 
ered  with  the  photographed  trajectories  of  Section  1. 
n  making  this  comparison  it  is  Important  to  note 
that  none  of  the  constants  or  functions  used  is 
arbitrary  or  was  determined  so  as  to  make  the  theoretic 
trajectories  fit  the  photographed  ones.  It  is  possi¬ 
ble  to  compute  the  equation  of  a  curve  which  fits  a 
given  set  of  observations  to  any  desired  degree  of 
accuracy.  The  attempt  here  was  to  see  whether  the 
trajectories  could  be  predicted  before  any  rockets 
wore  fired. 

The  assumption  was  made  that  the  thrust  is  given 
by  the  thrust  curve  #604-9  of  Figure  2.t,  using  the 
factors  given  in  Table  2.1,  which  is  a  copy  of  the 
table  accompanying  the  thrust  curves. 
curves  included  in  Table  2.1.  curves 
were  not  clear  enough  to  reaa. 

was  determined  graphically 

from  an  enlarged  photograph  of  the  thrust  curve* 

The  figure  obtained  is  about  \%  higher  than  the 
product  (average  thrust )x  (time  of  burning),  as 
obtained  from  the  Table#  The  results  are  probably 
accurate  to  within  i  IjC.  n  and  k  were  found  from 
the  Integral  of  Equation  2.2t 

2.6  q(t)  dt  *  k  [m(t)  -  m(0)j 

using  the  assumption  that  the  total  weight  of  pro- 


xne  otner 
#6013  and  #6052, 
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Table  2.1 

From  records  of  Naval  Powder  Factory,  Indian  Head,  Maryland 


Bound  No. 

6013* 

6049 

6052 

Date,  1943 

2/16 

2/17 

2/17 

Magazine  Temperature,  °C 

20 

20 

20 

Film  Time  Factor,  Sec. /in. 

0.733 

0.733 

0.733 

Burning  Tine,  Sec. 

1.65 

1.75 

1.68 

Aver.  Bate  of  Burning,  in. /sec* 

0.27 

0.25 

0.26 

Pressure  Oage  No. 

4B 

4D 

4D 

Pressure  Oage  Factor,  psi/in. 

3550 

4100 

4100 

Max.  Film  Pressure,  psl 

985 

1070 

Aver.  Filn  Pressure,  psi 

— - 

550 

610 

Thrust  Gage  No. 

2500B 

2500B 

2500B 

Thrust  Gage  Factor  lb. /in. 

2700 

2700 

2700 

Max.  Thrust,  lbs. 

2580 

2380 

2480 

Aver.  Thrust,  lbs. 

.... 

1450 

1520 

*  Pressure  record  late,  due  to  metal  diaphram  In  rocket  which 
was  not  removed  but  eventually  burned  through. 
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pellant  expelled  froo  the  rocket  is  11  lbs*  In 
Table  2*2  arc  given  the  resulting  values  of  k, 

m(0)  -  m(t>)  r»(t)  *  k  loga  , 

(for  the  rocket  with  the  60  lb.  head)  and 

v2  ( t )  =  k  loga 

(for  the  rocket  with  the  25  lb.  head). 

To  deteralne  the  ballistic  coefficients  of  the 
roj.:ets,  two  unloaded  rockets  of  each  type  were 
dropped  as  boobs  and  their  Gevre  coefficients  de- 
1 9 ruined  by  the  usual  Navy  standard  bonb  calibration 
net  hods.  Then  a  J*  coefficient  was  computed  which 
gpye  the  saiae  air  resistance  at  low  velocities.. 

The  weights  (83.7  and  49  lbst  respectively)  were 
divided  out  to  obtain  0i  and  0«. 

The  resulting  computed  trajectories  are  compared 
to  the  photographed  trajectories  In  Tables  2.3  and 
2.4  and  in  Figures  2.2  and  2*3.  The*  release  conditions 
are  horizontal  flight  at  a  speed  of  338  f.s.  and  no 
wind.  The  point  of  release  Is  taken  as  the  origin. 

In  Table  2.4,  y  values  corresponding  to  given 
x  values  are  coopered  rather  than  positions  at 
corresponding  tines.  In  both  tables y  photographed 
positions  are  given  \  the  standard  error  of  the  mean 
position.  The  figures  in  the  second  table  are  more 
reliable  (since  we  know  the  position  better  than 
position-as-e-funetion-of-tine)  and  are  of  more  in¬ 
terest  in  deternining  accuracy  of  rocket  fire. 

There  is  a  significant  difference  between  the 
two  trajectories.  At  t  •  2.5  secs,  the  x-coordlnate 
of  the  theoretic  trajectory  is  2339  ft.  y  whereas 
that  of  the  ciean  of  the  photographed  trajectories 
is  2207  ft.  with  a  standard  error  of  the  mean  of 
12  ft.  The  net  hod  used  has  not  yielded  completely 
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Table  2.2 


t  (see) 

tt(o)HB^t)  (lbs) 

Vi(t)  (ft./j»C.) 

v»(t>  (ft./aeo. ) 

.0 

.♦00 

.0 

.0 

.1 

.850 

67.5 

106.8 

.2 

1,726 

137.5 

218.2 

.3 

2.518 

201,6 

320.7 

.4 

3.253 

261.4 

416.9 

.5 

3.953 

318.9 

509.7 

.6 

4.633 

375.1 

601.0 

.7 

5.299 

430.7 

691.3 

.8 

5.954 

485.7 

781.7 

.9 

6.600 

540,3 

872.0 

1.0 

7.244 

595.2 

962.4 

1.1 

7.888 

650.5 

1053.8 

1.2 

8.532 

706.1 

1147.2 

1.3 

9.173 

762.0 

1240,9 

1.4 

9.787 

•  <* 

815.9 

1331.8 

1.5 

10.330 

863.8 

1413.0 

1.6 

10.737 

900.0 

1474.6 

1.7 

10.967 

920.5 

1509.6 

1.8 

11.000 

923.4 

1514.6 

k  *  -7.48  x  103  ft./see. 

■i  (0)  ■  94.7  lbs. 

■t  (0)  *  60.0  lbs. 
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satisfactory  trajectories*  In  tfrw  next  section,  where 
variations  fron  standard  conditions  are  considered t 
it  will  be  seen  that  none  of  theta  appears  to  be  large 
enough  to  account  for  the  difference*  The  resistance 
law  is  of  course  subject  to  question,  but  the  re¬ 
tardation  would  have  to  be  doubled,  approximately, 
to  account  for  the  discrepancy.  An  assumption  that 
the  thrust  used  is  too  large,  especially  toward  the 
end  of  burning,  would  account  for  most  of  it.  For 
instance,  if  burning  ceased  at  t  *  1*5  sec.  instead 
of  at  t  ■  1.7  secj|  tne  results  would  be  very  good. 

It  is  to  be  noted  that  these  trajectories  (both 
theoretic  and  photographed)  do  not  agree  with  tra¬ 
jectories  published  by  the  British  and  reproduced 
in  an  OSRD  report,  Abstract  of  British  Reports  in 
Forward  Flrfo*  Frost  Air  Crafty  » lfo  satisfactory  ex¬ 
planation  Tor  the  disagreement  has  been  found. 


•OSRD  Report  Cl?  UMC  7,  4  Aug*  1943. 
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In  discussing  differential  corrections  for  rocket 
trajectories,  the  point  of  view  adopted  is  that  of  one 
who  is  Interested  in  reducing  an  observed  trajectory 
to  standard  conditions.  First  the  method  of  computing 
the  corrections  is  indicated,  then  the  effect  of  apply* 
lng  them  to  the  observed  trajectories  is  examined, 
the  remarks  in  the  text  apply  to  the  rocket  with  60  lb. 
h«ad  unless  a  specific  statement  is  made  to  the  contrary . 

It  will  appear  later,  from  observations  of  pairs 
o t  rockets  fired  simultaneously,  that  **.*en  if  all  the 
rockets  had  been  fired  under  the  same  conditions,  the 
coordinates  at,  for  example,  t  ■  2  sec;  would  be  ex* 
pected  to  have  standard' deviations  o:f  37  feet  in  x 
and  3  feet  in  y,  or  of  3  mils  in  angle  measured  at  the 
point  of  firing.  With  these  numbers  In  mind,  it  is 
proposed  to  answer  the  following  question  for  each 
correction!  How  accurately  must  the  magnitude  of  a 
given  perturbation  be  known  in  order  to  make  the  cor* 
rection  for  it  be  accurate  to  ±1  ft.  in  y  and  +12  ft. 
in  x,  or  $1  mil  in  angle?  Throughout  this  discussion 
the  elements  of  the  standard  trajectory  are  written 
as  v,  e,  x,  y  and  those  of  the  perturbed  trajectory 
F,  »,  X,  Y. 

Because  of  the  roughness  and  rapid  variation  of 
the  velocity,  it  is  not  safe,  unless  one  takes  special 
precautions,  to  calculate  a  differential  correction 
by  taking  the  difference  between  two  trajectories  inte¬ 
grated  from  different  initial  conditions.  If  this 
method  is  followed,  one  Integrates  Equations  2.1  with 
Initial  velocity,  for  example.  *  338  f.s.  sod  obtains 
v  and  e,  and  thon  Integrates  the  same  equations  with 
initial  velocity,  for  example,  *  348  f.s.  obtaining 
T  and#.  But  It  Is  Important  that  the  differences. 

and  •-#,  contain  no  errors  due  to  numerical  Inte¬ 
gration  of  rapidly  varying  thrust  data.  The  best  way 


to  wold  the  difficulty  seems  to  be  to  take  the  dif¬ 
ferences  and  ft  “  "3^  make  sure 

that  9-e,and  Vs.v  are  the  integrals  of  these  auaAtities. 
Instead  of  calculating  X,  and  x,  and  then  differencingj 

one  calculates  ft  -ft  =  V  cos  9  -  v  cos  e 

and  integrates  to  find  X-x.  Similarly  for  Y-y. 

Oi^  difference  equations  can  be  integrated  directly. 
For  changes  in  velocity  and  angle  onl;r;.  these  equations 
are  i 


d£  »  g  cos  0  w  «,  $  sin  9  9 
dt  v7  v 


where  w  is  the  velocity  differential  V^V,  and  •  is  the 
angle  differential.  0  These  equations  are  most 
easily  handled  in  the  form 

$r  '  -  J*  <n-2  +  2>  ctts  -  «  cos  9  * 

i|  =-|§  (5  +  tan  8 
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where  n  -  t  **  ^6g  v"^V~  *  Ta^es  n  *  2  are 

already  in  existence* 

Equations  2.7  are  easy  to  integrate  since  w 
and  4  are  small  and  change  slowly*  However,  when 
w  and  ♦  have  been  found,  one  still  has  to  calculate 

V  =  V  +  *  and  *■•  +  *,  then  -  -jjf  "*  $  *  & 

as  before.  The  corrections  discussed  below  are  sum- 
marized  in  Tables  2*5  •  2.8* 


Xb£  Correction  £o£  Ancle  si  Release 

This  was  carefully  calculated  out  to  t  *3  sec* 
for  an  angle  of  glide  of  1*  As  would  be  expected 
for  a  trajectory  with  such  a  short  time  of  flight, 
the  result  amounts  almost  exactly  to  a  rotation  or 
the  trajectory*  At  t  *  3  sec.,  X  •  x .  ■  4.2  ft*, 

Y  -  y  *  -50.49  ft.  when  calculated  by  rotating  the 
trajectory  whereas  X  -  x  **  2*4  ft* ,  Y  -  y  *  50,38  ft. 

when  calculated  by  integration  of  a  new  trajectory. 

For  small  angles,  therefore,  the  corrections  are  cal* 
culated  by  rotation  of  the  standard  trajectory.  If 
one  wishes  the  correction  to  be  good  to  % 1  mil  the 
angle  of  release  should  be  measured  to  4  3  1/2  minutes. 
This  is  a  difficult  requirement  to  meet*  It  has 
not  been  met  in  the  present  experiment  where  the 
angle  was  only  know*  to  about  ±  10  minutes* 

As  was  mentioned  in  the  first  section  of  this 
report,  the  angle  of  release  depends  not  only  on  the 
angle  oe tween  the  line  of  flight  and  the  horizontal, 
but  on  the  attitude  of  the  plane  and  the  angle  at 
which  the  rails  have  been  set*  At  the  velocities 
encountered  here,  the  angle  of  release  is  equal  to 
the  angle  of  the  flight  line  plus  about  1/4  the  angle 
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Table  2. 

Corrections  (in  feet)  for  * 


Angle  of  Ground  speed  *  All 
Release  in-  of  plane  in-  of 
creased  1°  creased  IQ  f.s.  cr< 


Time  creased 
(sec*)  6x  6y 

•  5  0  4.- 


fix  6y 
5  o 


t.O  V  11.2  to  0 

1.5  f  20.4  15»  0 

2.0  %  30.7  20  0 

2.5  3  40.8  25  '  0 

* 

3.0  4:  50.5  30  0 


*  Air  speed  unchanged 
*  *  Ground  speed  unchanged 


Table  -  2. 6 


Corrections  (in  feet)  for  pocket  with  60-lb  heads. 

Angle  of  Ground  speed  *  Air  speed  Weight  of 

Range  release  in-  of  plane  in-  of  plane  in-  projectile  in- 
(ft.)  creased  1°  creased  IQ  f.t*  10  f»..Sx  1 JUk— 


6y 

dy 

6y 

ay 

5oo  ft. 

8.8 

.4 

i 

4  * 

-.1 

1000  ft. 

17.4 

.9 

«3 

-.3 

i5oo  ft. 

26.2 

1.4 

.6 

—.5 

2000  ft. 

35.0 

2.0 

.9 

—.8 

2500  ft. 

43.9 

2.7 

1.1 

-1.2 

41  Air  speed  unchanged 
**  Ground  speed  unchanged 


Table  2.7 


Corrections  (in  feet)  for  rocked  with  t5~lb  heads. 


Time 

Angle  of 
release  in¬ 
creased,  1 

Ground  speed  * 
of  plane  in- 

gEfiftggfl  IP, -£».&, i 

Air  speed  ** 
or  plane  in¬ 
creased  10  f.s. 

see# 

fix  fiy 

fix  fiy 

fix  fiy 

.5 

0  5-2 

5  0 

0  0 

1.0 

1  14.5 

10  0 

0  .2 

i  .5 

1  27.2 

15  0 

-t  .4 

2.0 

2  41.8 

20  0 

-2  .7 

2.5 

4  55.8 

25  0 

3.0 

5  69.0 

30  o 

*  Air  speed  unchanged 

**  Ground  speed  unchanged 
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Table  2.8 


Corrections  (in  feet)  for  rockellwith  25-lb  heads. 


Range 

(ft.) 

Angle  of 
release  ig- 

mal£3_L. 

Ground  speed  * 
of  plane  in- 
creased  10  f.s. 

Air  speed  ** 
of  plane  in¬ 
creased  10  f.s 

6y 

Gy 

6y 

5oo 

8.7 

.3 

•  1 

1000 

17.4 

.5 

.2 

— 

l5oo 

2$.1 

•  8 

.3 

2000 

34.9 

1.1 

.5 

2500 

43.6 

1.4 

.6 

*  Air  speed  unchanged 

**  Ground  speed  unchanged 


between  the  rails  and  the  flight  line.  The  angle 
between  the  rails  and  the  horizontal  can  be  accurately 
determined  from  the  torpedo  camera.  The  angle  of 
the  flight  line  can  be  determined  from  photographs 
of  the  flight  of  the  plane  to  within  10  minutes ,  or 
less  under  excellent  conditions.  Or.  if  trustworthy 
curves  are  available  showing  the  attitude  of  the 
plane  as  a  function  of  its  air  speed  and  load,  these 
quantities  may  be  used  to  determine  the  angle  between 
the  flight  line  and  the  rails. 


The  Correction  For  Wind  and  For  Speed  of  The  Plane 

&£  Xte  Xia&  si  Rslgaae 


If  the  air  speed  remains  constant  but  the  ground 
speed  differs  frpm  the  standard  338  f#s*#  the  cor¬ 
rection  is  merely  a  horizontal  translation  of  points 
on  the  trajectory  and 

x  *  X  -  C  -  338)  t . 

Vg-  338  is  the  range  wind  measured  along  the  heading 
of  the  plane#  The  effec*’  of  cross  wind  is  to  pro¬ 
duce  a  deflection  equal  to  the  product  of  cross  wind 
times  the  time  of  fall# 


If  both  air  speed  and  ground  speed  differ  from 
338  f#s#,  the  correction  lsi 


X-  x 


The  correction  for  change  in  ground  speed  at  constant 
air  speed  is  first  evaluated,  as  above,  and  to  this 
is  added  the  correction  for  change  in  air  speed  at 
constant  ground  speed#  The  second  term  is  the  effect 
of  air  resistance  and  is  evaluated  by  an  integration. 

In  order  to  get  the  x  correction  to  within  *12  ft. 
at  t  *  2  sec.  and  the  y  correction  within  $1  ft  the 
ground  speed  of  the  plane  must  be  known  to  within 
*6  f#s#  or  about  *3 #5  knots  and  the  airspeed  to  within 
*12  f.s.  or  *7  knots#  In  reducing  the  trajectories 
given  here,  little  agreement  was  found  between  the 
figures  for  ground  speed,  air  speed  and  surface  winds 
measured  at  an  serological  station  two  miles  away# 

The  last  was  Ignored  and  the  correction  based  on  the 
first  two  figures# 

From  the  point  of  view  of  the  pilot,  these  cor¬ 
rections  are  troublesome.  He  can  get  his  air  speed 
accurately  enough#  but  the  wind  and  therefore  his 
ground  speed  and  the  drift  are  much  more  doubtful 
quantities*  The  problems  are  the.  same  as  those  of 
bombing#  though  not  as  great,  since  the  time  of  flight 
is  short  and  the  trajectory  relatively  straight* 


#£7- 


However,  it  should  be  pointed  out  that  the  air 
speed  affeots  the  attitude  of  the  plane  at  the  rate 
of  about  #3°  for  10  knots  ohange  in  air  speed.  Thus 
8  knots  change  in  air  speed  ohanges  the  angle  of 
release  3.5  minutes  and  ohanges  the  angle  between 
the  pilots  sight  and  his  flight  line  by  13  minutes 
(or  about  4  mils). 


Correction  For  Weight  of  Rocket 

The  velocity  imparted  to  a  rocket  by  a  given 
amount  of  thrust  depends  on  the  weight  of  the 
rooket#  Returning  to  Equation  8,5 

v,(t)  ■  k  log,  |<t|_ 

let  6v  be  the  change  in  v  for  a  ohange  in  m(0)  of 
cm  lbs#  Then 


dvi (t) 


Cm  \ 


a  k 
n(V) 


6q* 


Using  this  equation,  we  calculate 

Vi  a  Vi  4  dVi 


and  Integrate  to  get  the  change  in  x  and  y# 


In  order  to  get  these  corrections  to  within 
*  12  ft#  and  ±  1  ft#  at  t  ■  2  sec#  for  x  and  y  re¬ 
spectively.  the  weight  of  the  rocket  must  be  known 
to  within  1  lb#  (The  heaviest  and  lightest  rockets 
of  the  ten  considered  here  differed  in  weight  by 
1.9  lbs*  so  the  correction  is  worth  making;# 


Bbllletlc  Coefficient 


The  correction  for  a  10Jf  change  In  ballistic 
coefficient  has  been  calculated  in  order  to  see  how 
well  this  coefficient  must  be  determined.  Moreover, 
the  calculation  gives  one  an  estimate  of  the  ef« 
feet  of  a  change  in  the  resistance  law*  (The  ef- 
feet  on  the  coefficient  of  change  in  weight  was  in¬ 
cluded  In  the  weight  differential#)  Integration 
shows  that  Qi  which  was  taken  to  be  #016,  should 
be  known  to  be  within  16£  If  the  x  and  v  of  the 
theoretic  trajectory  are  to  be  within  12  ft.  and  1  ft. 
respectively  of  the  correct  values* 


SMlHttitflW  Si  2&SI  Perturbing  SSttUSlgB 


An  Important  cause  of  variation,  which  was  not 
taken  into  account  here,  is  temperature .  If  the 
methods  outlined  here  are  used  in  preparing  tra¬ 
jectories.  *lt  is  clear  that  a  satisfactory  method 
of  computing  the  temperature  corrections  is  at  hand# 
Thrust  curves  can  be  obtained  under  properly  con¬ 
trolled  conditions  and  new  trajootories  computed 
to  obtain  the  temperature  effect#  In  the  present 


instance  no  attempt  was  made  to  obtain  these  cor¬ 
rections.  Such  information  as  was  available  as  to 
the  temperatures  of  the  rockets  when  they  were  fired 
was  examined  but  no  significant  correlation  with 
range  was  found.  This  could  be  due  to  a  combination 
of  the  following  reasons* 

1.  The  range  of  temperature  variation  was  not 
very  great  (50°  F  to  60°  F)* 

2*  The  temperatures,  at  firing,  were  not  known 
to  better  than  ±  5°  F  since  the  rockets 
had  been  out  of  doors  and  unprotected  for 
some  time  and  the  ambient  temperature  was 
not  constant* 

3*  Other  causes  of  dispersion  were  present* 

Although  it  was  recognized  that  there  was  some 
difference  in  the  temperature  at  which  the  thrust 
test  was  made  and  that  at  which  the  other  rockets 
were  fired,  this  was  not  corrected  for. 


In  order  to  make  a  rough  estimate  of  the  ac¬ 
curacy  to  which  one  should  know  the  thrust*ti»a  in¬ 
tegral,  suppose  that  the  determination  of  the  in¬ 
tegral  is  7%  off.  Then  k  and  v,  are  5%  off#  The 
main  effect  of  this  change  in  velocity  is  to  move 
the  rocket  about  12?  ft*  forward  or  backward  along 
its  trajectory  at  t  »  3  sec*  The  curvature  of  the 
trajectory  is  changed  slightly  as  one  sees  from 
the  equation 


It  is  estimated  that  the  vertical  distance  through 
which  the  trajectory  is  moved  is  about  8  ft.  at 
t  b  3  sec.  (This  is  not  the  change  in  the  y  co¬ 
ordinate  at  t  =3  sec. ,  which  may  be  quite  small. 

See  Figure  2.2  to  illustrate  this  point.)  It  is 
possible  that  most  of  the  lack  of  agreement  be¬ 
tween  photographed  and  theoretic  trajectories  is 
due  to  error  in  q(t). 

Presence  of  friction  in  the  thrust  apparatus 
would  mean  that  the  thrust  is  really  larger  at  the 
beginning  and  smaller  toward  the  end  of  burning  than 
the  thrust  curve  indicates.  This  would  cause  the 
theoretic  curve  to  lie  to  the  right  during  the  early 
part  of  burning  but  drop  back  to  its  present  position* 
toward  the  end  of  burning. 

A  variation  in  the  actual  amount  of  propellant 
in  a  rocket  motor  will  have  somewhat  the  same  effect# 
If,  for  instance,  the  powder  grain  is  underweight 
by  \%  (.1-lb.)  the  thrust-time  integral  for  that 
particular  rocket  will  be  short  and  the  effect 
about  1/5  of  that  of  the  above  paragraph. 

Another  source  of  error  is  this*  The  rocket 
is  still  in  contact  with  the  rails  more  than  .1 
sec.  after  the  firing  button  is  pressed.  In  in¬ 
tegrating,  it  has  been  tacitly  assumed  that  Equations 
2.1  hold  from  t  =  0,  on.  This  seems  not  to  have  led 
to  any  serious  error  but  is  certainly  a  possible 
source  of  discrepancies. 

The  foregoing  analysis  indicates  that  the 
photographed  trajectories  have  been  reduced  as  care¬ 
fully  as  the  information  warrants.  The  angle  of  de¬ 
parture  was  not  known  quite  as  accurately  as  it 
should  have  been,  nor  was  the  precise  temperature 
of  the  propellant  or  its  exact  weight. 


Even  if  exact  corrections  had  been  made  for 
all  these  variables,  one  would  not  expect  to  get 
rid  of  all  of  the  dispersion,  since  no  two  rockets 
ever  burn  in  exactly  the  same  way  or  have  exactly 
the  same  flight.  This  inevitable  variation  can  be 
estimated  from  the  distances  between  rockets  fired 
in  pairs. 

Tables  2.9  and  2.10  show  the  extent  to  which 
the  corrections  reduce  the  variance  of  the  photo- 
graphed  trajectories.  If  the  figures  in  the  lower 
half  of  the  tables  are  reduced  to  standard  de¬ 
viations  expressed  in  mils,  it  is  found  that  the 
standard  deviation  of  the  ten  (corrected)  trajectories 
for  the  rocket  with  the  60-lb  head  varies  fxom  5.4 
mils  (at  x  *  500)  to  6.5  mils  (at  x  ■  2500  ft.) 

Table  2. 11  shows  the  deficiencies  of  the  cor¬ 
rections.  Here  two  independent  estimates  have  been 
made  of  the  variance  to  be- expected  in  any  sample 
set  of  trajectories  for  UP3  rockets  with  oC-lb  heads. 
The  first  is  made  by  finding  the  variances  of  samples 
of  rockets  which  were  fired  at  the  same  instant 
from  the  same  airplane,  (4  samples  of  2  rockets  each). 
The  second  estimate  was  made  by  finding  the  variances 
of  the  means  of  the  samples  about  their  mean  (4  samples 
of  2  rockets  each  and  2  of  one  each).  Each  estimate 
is  based  on  a i  different  method  of  finding  the  variance 
of  the  population  consisting  of  DP 3  (60-lb  head)  tra¬ 
jectories.  However,  if  the  samples  were  random,  the 
estimates  should  be  reasonably  alike,  or  if  the  vari¬ 
ations  in  launching  conditions  had  been  completely 
corrected  for,  the  estimates  should  be  reasonably 
alike.  Obviously  the  corrections  made  were  not 
adequate,  expecially  insofar  as  the  variations  affect 
the  y  coordinates.  It  is  likely  that  it  is  the  angle 
of  climb  or  glide  which  is  at  fault.  This  correction 


Table  2.9 

Rocket  with  6Q-lb  head 


Uncorrected  Corrected 

photographed  tra-  photographed 

jectories  trajectories 


Variance 
in  x  (ft.2) 

Variance  „ 
in  y  (ft.2 ) 

Variance  „ 
in  x  (ft.2 ) 

Variance 
in  y  (ft.2) 

t  =  .5  sec. 

(n  =  10) 

230 

2.8 

130 

1.7 

t  a  1.0  sec. 

(n  «  10) 

658 

25.7 

413 

13.6 

t  »  1.5  sec. 

(n  «  10) 

1161 

87.6 

889 

38.2 

t  =  2.0  sec. 

(n  =  10) 

1305 

244,2 

1348 

104.4 

t  =  2.5  sec. 

(n  =  8) 

1440 

491.5 

979 

244.0 

t  *  2.8  sec. 

(a  =  5) 

971 

903.4 

321 

329.9 

x  ■  5oo  ft. 

(n  =  10) 

12.5 

7.3 

X  «  1000  ft. 

(n  »  10) 

60.7 

30.0 

x  »  i5oo  ft. 

(n  -  10) 

176.4 

84.4 

X  *  2000  ft. 

(n  ■  10) 

346.6 

165.5 

X  »  2500  ft. 

(n  -  6) 

801.1 

264.0 

Variance  * 


(deviations) 2 


Table  2.10 

Rockets  with  25-lb  head 


Uncorrected  Corrected 

photographed  tra-  photographed 

jectories.  trajectories. 


t  «  .5  sec. 
(n  =  4) 

t  n  i.o  sec. 
(n  «  4) 

t  *  1.5  sec. 
(n  *  4) 

t  «  2.0  sec. 
(n  »  4) 


X  a  500  ft. 
(n  «  6) 

x  *  1000  ft. 
(n  ■  6) 

x  a  1500  ft. 
(n  «  6) 

x  «  2000  ft. 
(n  «  6) 

x  *  2500  ft. 
(n  *  6  ) 


Variance 
in  x  (ft.2  ) 

130 

5U 

95? 

593 


Variance 
in  y  (ft.2) 

2.8 

34.5 

120.5 

291.8 

8.5 

38.4 

86.9 

152.5 

244.6 


Variance 
in  x  (ft.2) 

81 

378 

726 

621 


Variance 
in  y  (ft.2) 

.3 

4.1 

10.4 

21.6 

1.5 

6.8 

10.4 

16.5 
29.4 


(deviations)2 

n 
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Variance  a 


Table  2.11 

Rocket  with  60«lb  head 

Corrected  Photographed  Trajectories 

Estimate  of  variance  Estimate  of  Variance 

of  population  based  of  population  based 

on  pairs  of  rockets  *  on  means  of  pairs  ** 

(4  pairs)  (6  means) 


Variance 

Variance 

Variance 

Variance 

in  x  (ft. 2  ) 

in  y  (ft.2 ) 

in  x  (ft£) 

in  y  (ft.2) 

t 

= 

.5 

sec. 

32 

.2 

234 

3.3 

t 

s 

1.0 

sec. 

229 

1.8 

642 

25.7 

t 

s 

1.5 

sec. 

853 

5.3 

1095 

72. 1 

t 

a 

2.0 

sec. 

1401 

9.9 

1575 

200.6 

f 

*  Estimate  •  i  (xj  -  Xp2  where  is  the  mean  of  the  pair. 

kj  (Sj  -  1  )2  where  Xj  is  the  mean  of  a 
sample  and  kj  is  the  number  of  items  in  the  sample. 

According  to  the  Snedecor  Tables,  the  ratio  of  two  corresponding 
variances  would  be  as  high  as  15.52  by  pure  chanoe  only  one  time 
in  100. 


**  Estimate  * 


it 


affects  y  much  more  violently  than  it  does  x  and, 
as  has  been  mentioned  before,  one  has  to  know  the 
angle  of  departure  very  accurately  in  order  to 
make  the  correction  properly*  If  one  arbitrarily 
changes  each  angle  of  departure  by  an  angle  between 
-  10*  and  +  10*  and  chosen  a3  advantageously  as 
possible,  one  can  reduce  the  variance  calculated 
from  the  means  of  the  samples  from  ^06*1  ft.  to 
61.6  ft*  at  t  =  2  sec*  Trrns  we  see  that  assuming 
our  angles  of  departure  are  in  error  by  as  much 
as  10  min^  helps  to  explain  the  differences  in 
Table  2,11  but  does  not  do  so  completely* 

The  variances  estimated  by  finding  the  dif¬ 
ference  in  position  of  two  rockets  fired  simultane¬ 
ously  (the1 numbers  in  the  columns  on  the  left  in 
Tablt  2.11<)  should  tell  one  what  to  expect  in  the 
way  of  dispersion  due  to  random  and  uncontrollable 
effects  such  as  irregularities  in  the  burning  of 
the  propellant*  These  are  given  in  terms  of  standard 
deviations  in  Table  2.12* 
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The  method  of  calculating  rocket  trajectories 
and  differential  corrections  for  variations  in 
launching  conditions  given  here  is  satisfactory* 

It  is  shown  that  the  inhereht  dispersion  in 
range  of  British  UP3  rockets  forward  fired  from* a 
plane  in  horizontal  flight  is  of  the  order  of  ±3 
mils  at  a  range  of  500  yards. 

A  difference  of  3*5  min.  in  angle  of  release, 

2 5  f.s.  in  air  speed  (or  12  f.s.  if  it  is  to  be  used 


Table  2.42 

Estimate  of  standard  deviation  of  position 
du©  to  random  irregularities.  Rocket  with  60-lb  head. 


sec. 

x  (ft) 

y  (ft) 

Angle  (mils)  measured 
from  firing  point 

.5 

5.6 

.4 

3 

1.0 

15.11 

1.3 

3 

1.5 

29.2 

2.3 

3 

2.0 

37.4 

3.1 

3 

Standard  deviation  •»  \jll*  • 
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* 


in  computation  of  attitude).  10  f.s.  in  ground  speed 
or  2  lb.  in  weight  of  rocket,  each  cause  a  one  mil 
difference  in  ai»  of  the  British  UP3  rockets  for¬ 
ward  fired  from  a  plane  in  horizontal  flight  at 
500  yards  range.  These  figures  are  recommended  as 
the  accuracy  required  for  ranging  data  on  rockets. 

If  trajectories  are  to  be  fitted  both  in  time 
and  space  the  accuracy  of  ranging  data  should  be 
3.5  minutes  in  angle  of  release,  6  f.s.  in  ground 
speed,  12  f.s.  in  air  speed  and  1  lb.  in  the  weight 
of  the  rocket. 

No  measurements  were  made  here  of  the  temperature 
coefficient  of  range,  but  data  already  published  in¬ 
dicate  that  the  temperature  should  be  known  to  within 
*  5°F  in  order  to  keep  the  effegt  of  uncertainties 
in  temperature  smaller  than  the  inherent  space*»time 
dispersion  of  the  rockets. 


